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Abstract: Thylakoids and chloroplasts harbor several vital metabolic processes, but are most importantly 
associated with photosynthesis. The undisturbed functioning of this process necessitates the ceaseless 
synthesis of photosynthetic pigments, including closed tetrapyrroles such as chlorophylls (Chls). Chls probably represent 
the most abundant natural pigment molecules which are via photosynthesis not only crucial for the autotrophic production 
of food sources for heterotrophic organisms but have also contributed to oxygen production essential for aerobic 
metabolism. This review first briefly discusses the physico-chemical properties, biosynthesis, occurrence, in vivo 
localization and roles of the different Chl pigments. Then we provide a detailed overview about their potential 
applications in the food industry and medicine. These include the use of Chls and their derivatives (different 
chlorophyllins) as food colorants (identified as E140 and E141 in the European Union). Different sources used for 
industrial extraction as well as different factors influencing pigment stability during processing are also critically 
reviewed. The problems surrounding the nomenclature, the production and the composition of different chlorophyllin 
mixtures are also discussed. Finally, a comprehensive overview of the health benefits and potential medicinal applications 
of these pigments and the future directions of research in these fields are provided. 
Keywords: Antioxidant, cancer, chemoprevention, chlorophyll, chlorophyllin, food colorant, photodynamic therapy. 
 
1. INTRODUCTION 
Molecules containing four pyrroles forming a 
macrocycle (e.g., a porphyrin ring) are classified as closed 
tetrapyrroles. Chlorophylls (Chls) are conjugated, closed 
tetrapyrroles to which a cyclopentanone ring has been also 
added. 
Tetrapyrrole pigments play essential roles in 
photosynthesis, in the absorption of sunlight and its 
conversion into chemical energy, finally used to reduce CO2. 
This energy conversion is the foundation for autotrophy in 
some prokaryotes (e.g., cyanobacteria), in eukaryotic algae 
and plants, and is essential for life. In addition, O2 is formed 
as a byproduct during photosynthesis, and its massive 
production by ancestral photosynthetic organisms present in 
the oceans and its accumulation in the atmosphere and the 
formation of the ozone layer enabled the dominance of 
organisms with aerobic metabolism and the colonization of 
the land. Chlorophyllous pigments are characteristic to some 
bacteria (including cyanobacteria), algae and green plants, 
and are thus present and synthesized in large amounts in 
these organisms and in all green plant parts, especially in 
leaves. According to estimations, the total natural production 
of Chls in the biosphere is around 109-1012 tons per year, the 
majority of which is produced by photosynthetic marine 
microorganisms [1,2]. 
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Chls were first isolated by Pelletier and Caventou in 
1818 who coined this term meaning ‘green leaf’ (χλωρός 
φύλλον, chloros phullon) [3]. The major features (e.g., the 
presence of Mg) and the empirical formula of Chl was 
established by Willstätter and Stoll in 1913 [4], while the 
detailed and complete structure of the closed tetrapyrrole 
(porphyrin) ring was described by Fischer and collaborators 
[5,6]. Woodward et al. [7,8] have achieved and published the 
total chemical synthesis of Chls. However, for industrial 
(e.g., food-grade) applications the pigments are still 
extracted from plants and/or algae (see Section 4.3). Richard 
Willstätter (in 1915), Hans Fischer (in 1930) and Robert 
Woodward (in 1965) were awarded Nobel prizes for their 
pioneering studies elucidating Chl structure and chemical 
synthesis. 
Among several naturally existing Chls, Chls a, b and 
c were recognized as the first chlorophyllous pigments, 
already in the 19th century [3,9,10]. Chl d [11] was 
discovered much later than Chls a, b, and c however, its 
presence was finally confirmed in the cyanobacterium 
Acaryochloris marina as major pigment only in 1996 
[12,13]. This identification clarified controversies 
concerning its later never confirmed artefactual presence in 
red algae [11], but only in their epiphytic cyanobacteria [14] 
and in other endolithic Acaryochloris species [15]. Chl f has 
been only very recently identified in filamentous 
cyanobacteria from stromatolites [16]. 
In addition to their natural presence in food products 
derived from photosynthetic organisms, tetrapyrroles are 
extracted and used as natural colorants, coloring food, and/or 
Please provide 
corresponding author(s) 
photograph
 
2    Mini-Reviews in Medicinal Chemistry, 2016, Vol. 0, No. 0 Solymosi and Mysliwa-Kurdziel 
antioxidants to restore the natural level of these molecules in 
food products, in dietary supplements, and/or to prepare 
fortified and functional products [17,18]. Chls along with 
phycobilins and phycobiliproteins [19] represent almost the 
only versatile alternatives to natural food colorants with 
greenish and/or bluish color. First, we review their chemical 
and physical properties, biosynthetic pathways as well as 
their role and occurrence in vivo. Finally, their applications 
and importance in the food industry along with their health 
benefits are also discussed. 
 
2. CHEMICAL AND PHYSICAL PROPERTIES OF 
CHLOROPHYLLS 
 
Chl belongs to tetrapyrroles, which probably represent the 
oldest prosthetic groups and play important roles in living 
organisms (reviewed by [20]). They are organic compounds 
consisting of four connected pyrrole rings, having a variety 
of side chains and/or differing in their reduction state. Closed 
tetrapyrroles like hemes and Chls have a metal ion inside the 
tetrapyrrole backbone. In case of Chls, four pyrroles form a 
closed ring substituted with an additional cyclopentanone 
ring and a long hydrocarbon chain as another substituent 
(Fig. 1). The conjugated double bonds on the tetrapyrrole 
backbone are responsible for the ability to absorb the 
electromagnetic radiation. 
 
 
Fig. (1). Chemical structures of natural chlorophylls (Chls). 
A) Chls having chlorin-type macrocycle. B) Chl c having 
porphyrin-type macrocycle. Please note that Chl c is 
typically non-esterified (as shown here), however, similarly 
to other Chls it can also bind phytol (not shown). Phy, phytyl 
chain (C20H39). In the case of divinyl Chl a and divinyl Chl 
b, the ring substituent at * is −CH=CH2. 
 
Five major Chls have been identified so far in natural 
photosynthetic organisms. They were named Chl a, b, c, d 
and f (reviewed in [9,10,17,21,22]). All of them have Mg2+ 
in the center of the tetrapyrrole macrocycle, however, they 
differ in the side-substituents (Fig. 1). Among Chls, Chl a is 
the most abundant and present in all organisms performing 
oxygenic photosynthesis, including cyanobacteria, algae and 
higher plants (Table 1; reviewed in [21]). Chl a occurs both 
in reaction centers and in antenna complexes. Due to its 
physicochemical properties and functional compatibility 
with neighbouring electron transport cofactors, Chl a is a 
universal pigment playing a role both in light harvesting and 
in energy conversion [23]. Chl b and c were found in light-
harvesting complexes but not in reactions centers in different 
groups of photosynthetic organisms (Table 1; see also 
Section 4.1). Chl d is the major pigment in Acaryochloris 
marina, accompanied by Chl a [12,24,25]. Obviously, Chl d 
acts as the light-harvesting pigment [26,27]. Nevertheless, it 
is still the only known Chl which was shown to replace Chl a 
in reaction center of both photosystems [28–31]. The 
chemical structure of the recently discovered Chl f [16] has 
already been confirmed by several techniques [32], although 
its function is still being investigated [33–36]. 
In general, Chls are green, which is a simple 
consequence of their absorption properties. They absorb 
energy in the blue (Soret band) and red ranges (Qx and Qy 
bands) corresponding to S0-S2 and S0-S1 transitions, 
respectively, and reflect and/or scatter most of the green 
light, because of the gap in the absorption spectrum (for 
reviews see [9,23]). Absorption spectra of different Chls 
differ in the positions of their maxima (Table 1). 
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Table 1. Occurrence of various chlorophylls (Chls) among major photosynthetic taxa and their Qy absorption maxima 
in organic solvents. 
  Chl a Chl b Chl c Chl d Chl f 
Occurrence in 
various major taxa 
of photosynthetic 
organisms (1) 
Cyanobacteria (2) + + - + + 
Glaucophytes + - - - - 
Red algae + - - - - 
Brown algae + - + - - 
Diatoms + - + - - 
Haptophytes + - + - - 
Cryptophytes + - + - - 
Dinoflagellates + - + - - 
Green algae + + - - - 
Euglenids + + - - - 
Chlorarachniophytes + + - - - 
Land plants + + - - - 
Qy absorption 
maximum 100% methanol 
(3) 665 652 626-629 696 707 
(1) After [21,37] 
(2) Concerning cyanobacteria, Acaryochloris marina and related taxa contain Chl a but their predominant photosynthetic pigment is Chl d 
[12–15,24,25]; Chl b – was found only in prochlorophytes as accessory pigment to Chl a [38]; Chl f was found only in filamentous 
cyanobacteria from stromatolites like e.g., Halomicronema hongdechloris [16,33]. 
(3) Absorption maxima are given after [9], with the exception of Chl c for which maxima in 100% acetone are provided from [39]. 
 
The Qy absorption maximum of Chls d and f is 
significantly red-shifted as compared to Chls a, b and c, and 
thus Chl d- and f-containing cyanobacteria were found in 
some niches with high level of infrared-radiation (reviewed 
in [9,40]). The differences in the absorption properties 
originate from the degree of unsaturation of the tetrapyrrole 
macrocycle and/or from different substituents and their 
different positions on the macrocycle (Fig. 1). The fully 
unreduced family of Chl c (Fig. 1), which belong to 
porphyrins, has the most blue-shifted Qy absorption 
maximum among Chls, i.e., about 626-629 nm [23,39]. The 
different absorption properties of Chls a, b, d and f – all 
having chlorin-type ring structure with 10 double bonds – 
originate from different positions of the formyl substituent of 
the macrocycle [9] (Fig. 1). Obviously, phytyl increases the 
lipophilicity of Chls but influences only slightly their 
absorption and fluorescence properties [41,42]. Phytyl being 
a long and bulky substituent may contribute to the 
stabilization of Chl conformation, which may be crucial for 
fine tuning of the pigment by apoproteins [42]. 
It is commonly known that Chls show red 
fluorescence. Measurement of in vivo Chl fluorescence is a 
widely used method for the determination of the 
photosynthetic activity of various organisms, especially for 
the investigation of photosynthesis under stress conditions 
(reviewed in [43]). Chl fluorescence imaging is also a useful 
technique to monitor food quality during storage (further 
discussed in Section 5.1). 
Chl c, similarly to the Chl biosynthesis intermediates, 
chlorophyllides (Chlides) and protochlorophyllides 
(Pchlides) (see Section 3), lacks the phytol chain and is 
dissolvable in water and polar solvents. (However, it should 
be noted that occasionally Chl c can also be esterified [39].) 
Phytylated Chls (i.e., Chls a, b, d and f) are hydrophobic and 
can be extracted from plant material with organic solvents, 
for example acetone, ethanol, benzene and others, resulting 
in greenish-colored solution. 
Extracted Chls can be purified and separated from 
accompanying pigments (e.g., carotenoids) using phase 
separation or HPLC methods, and determined using 
spectrophotometry or fluorimetry (reviewed in [17,44–47]). 
Broad-scale industrial extraction of pigments is further 
discussed in Section 4.3. 
 
3. BIOSYNTHESIS OF CHLOROPHYLLS 
 
The biosynthesis of Chl involves the synthesis of two 
moieties: (1) a chlorin ring, which is synthesized by a 
specific branch of tetrapyrrole biosynthesis, and (2) a phytol 
chain produced by the isoprenoid (terpenoid) biosynthesis 
pathway (Fig. 2). 
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Fig. (2). The overall scheme of tetrapyrrole biosynthesis and its relation to isoprenoid biosynthesis providing the phytol side 
chain for chlorophylls a, b, d and f. Abbreviations: ALA, 5-aminolevulinic acid; Chlide, chlorophyllide; Pchlide, 
protochlorophyllide; Proto IX, protoporphyrin IX. 
 
Tetrapyrrole biosynthesis is a multi-branched and 
conserved metabolic pathway being extensively studied for a 
long time. These works led to the identification of both the 
metabolic intermediates and the enzymes catalyzing 
particular reactions (reviewed in [9,20,44,48–53]). As it 
supplies a variety of biologically important compounds, 
tetrapyrrole biosynthesis is precisely regulated at different 
levels (reviewed in [44,50,52,54–57]). In plants, plastids are 
thought to be the place of photosynthetic tetrapyrrole 
biosynthesis, however, there is some variation in the 
distributions of the particular enzymes involved in this 
process among the membranes (thylakoids and inner 
envelope) and the stroma fraction (reviewed in [20]). 
One can distinguish three stages in Chl biosynthesis, 
each leading to a key intermediate or to a branch point (Fig. 
2): (1) the biosynthesis of 5-aminolevulinic acid (ALA), 
which is the common precursor of all tetrapyrroles, i.e., Chls, 
hemes, phycobilins and other compounds; (2) the formation 
of protoporphyrin IX (PROTO IX) and (3) the Chl synthesis 
branch, which is also called the Mg branch of tetrapyrrole 
biosynthesis. In plant cells, the enzymes catalyzing the 
reactions of this branch were identified in the thylakoid 
membranes or in the inner chloroplast envelope membrane 
fractions, whereas the earlier reactions were localized in the 
plastid stroma (reviewed in [20]). 
In plants, algae, cyanobacteria and most 
photosynthetic bacteria, ALA is synthesized via a so-called 
C5 pathway [58–61]. This process starts from glutamate and 
includes three enzymatic steps: (1) the activation of 
glutamate by tRNAGlu, (2) the reduction of glutamyl-tRNAGlu 
into glutamate-1-semialdehyde [62] and (3) the 
transamination of glutamate-1-semialdehyde [63]. The 
reduction of glutamyl-tRNAGlu is catalyzed by glutamyl-
tRNAGlu reductase, which is one of the regulatory sites of 
Chl biosynthesis. The second part of Chl biosynthesis 
starting from ALA and leading to PROTO IX formation 
(Fig. 2) coincides with the biosynthesis of other 
tetrapyrroles. An asymmetric condensation of two ALA 
molecules leads to the formation of porphobilinogen (a 
monopyrrole), which is the building block of tetrapyrroles. 
Four molecules of porphobilinogen are condensed head-to-
tail to produce hydroxymethylbilane, a linear tetrapyrrole. 
This linear molecule is then converted to the conjugated 
closed macrocycle of PROTO IX in several subsequent 
reactions including (1) ring closure and isomerization 
resulting in uroporphyrinogen III formation, (2) 
decarboxylation of acetate side chains leading to 
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coproporphyrinogen III and (3) two successive oxidation 
reactions. PROTO IX sits at the branching point between 
chlorophyll and heme synthesis, also known as Mg-branch 
and Fe-branch, respectively. The Mg-branch, leading finally 
to the formation of Chl a, starts from the incorporation of 
Mg2+ ion into the backbone of PROTO IX, which is 
catalyzed by Mg chelatase. Mg chelatase is a heterologous 
complex composed of three subunits designated I, D and H, 
and is relatively unstable [9,52,53]. The assembly of the 
complex is thoroughly regulated by the level of Mg2+, among 
others, and the complex requires ATP for catalysis [64–66]. 
The incorporation of Mg is followed by the methylation of 
Mg-protoporphyrin IX and the formation of the 
cyclopentanone ring, which is characteristic to Chl related 
pigments. Then two successive reductions lead to the 
formation of chlorophyllide (Chlide). One of them is the 
reduction of the C8-vinyl group to an ethyl group, in which 
divinyl protochlorophyllide (DV-Pchlide) is converted to 
monovinyl protochlorophyllide (MV-Pchlide). In the other 
reaction, the C17-C18 double bond of the ring D of 
protochlorophyllide (Pchlide) becomes reduced resulting in 
Chlide formation. (However, the order of these two 
reductions is not strictly determined, i.e., DV-Chlide can be 
also transformed to MV-Chlide after the transformation of 
DV-Pchlide to DV-Chlide.) The Pchlide to Chlide reduction 
changes the symmetry of the conjugated double bond system 
of the tetrapyrrole macrocycle from porphyrin to chlorin 
(i.e., containing 11 or 10 double bonds, respectively) and 
results in a significant red-shift of the absorption and 
fluorescence maxima of Chlide when compared to Pchlide. 
Photosynthetic organisms developed independently two 
different enzymes catalyzing the reduction of Pchlide, that is, 
light-dependent Pchlide oxidoreductase (LPOR) and light-
independent Pchlide oxidoreductase (DPOR), reviewed in 
[51,52,67]. Even though DPOR and LPOR catalyze the same 
stereospecific reaction, both the enzymes and the 
mechanisms of the reduction are completely unrelated. 
Nevertheless, recently some similarity between amino acid 
sequences of these enzymes was shown [68], although the 
functional role of this fragment has not yet been elucidated. 
LPOR appeared probably later than DPOR during evolution, 
which is interpreted as a consequence of the evolution of 
oxygenic photosynthesis and oxygenic atmosphere, toxic to 
DPOR (reviewed in [67]). 
DPOR consists of three polypeptides, L, B and N 
(reviewed in [67]). Concerning the amino acid sequence, 
structure and catalytic mechanism, DPOR is a nitrogenase-
like enzyme [69–72], which operates in all photosynthetic 
organisms that can perform Chl synthesis in darkness (for 
further details see [9,73]). DPOR is the only enzyme 
catalyzing Pchlide reduction in anoxygenic bacteria such as 
Rhodobacter capsulatus and Rhodobacter sphaeroides [73]. 
In the majority of the photosynthetic organisms (i.e., 
cyanobacteria, most eukaryotic algae, lower plants and 
gymnosperms) both DPOR and LPOR participate in Chl 
biosynthesis. Angiosperms are exceptions: they require light 
to perform Chl synthesis because they do not have the genes 
encoding DPOR polypeptides. In these plants, the LPOR-
catalyzed Pchlide reduction is one of the key steps in the 
regulation of Chl biosynthesis besides playing an important 
role in the regulation of plant development and the assembly 
of the photosynthetic apparatus (reviewed in [74,75]). LPOR 
is a single polypeptide enzyme classified as short-chain 
dehydrogenase/reductase (SDR) enzyme [76,77]. The 
mechanism and regulation of light-triggered Pchlide 
reduction has been the subject of several reviews [78–80]. 
The light-triggered Pchlide photoreduction plays a 
fundamental role in plant deetiolation, which is the switch 
between the growth in the absence (skotomorphogenesis) 
and in the presence (photomorphogenesis) of light (reviewed 
in [74,75]). Pchlide reduction is not triggered in dark-
germinated angiosperms, therefore Chl biosynthesis is 
arrested and Pchlide gets accumulated in peculiar plastids 
developing in the absence of light, the so-called etioplasts. 
The characteristic feature of the inner membranes of 
etioplasts is the presence of a highly regular three-
dimensional paracrystalline lattice that is built of tubular 
membranes containing ternary complexes of 
Pchlide:LPOR:NADPH (reviewed in [75,79,81,82]). 
Chlide esterification catalyzed by chlorophyll 
synthase is the last step in Chl biosynthesis (reviewed in 
[83,84]). The addition of the diterpene side chain to the C17 
propyl moiety of Chlide only slightly influences the spectral 
properties of the pigment and its photophysical properties 
[41], although it increases the lipophilicity of the product. 
Both Chlide a and Chlide b, and both MV- and DV-
substituted Chlides are accepted as substrates by the enzyme 
and are converted to respective Chl a and Chl b. The other 
substrates of this reaction, geranylgeranyl diphosphate or 
phytyl diphosphate, are C20 isoprenoid alcohol side chains 
originating from the isoprenoid biosynthesis pathway (Fig. 
2). Reduction of geranylgeranyl to phytol can occur either 
before or after Chlide esterification and is catalyzed by a 
hydrogenase using NADPH as hydrogen donor (reviewed in 
[83]). However, in etiolated plants illuminated with light 
most Chlide is phytylated first with geranylgeraniol, which is 
subsequently reduced to phytol in a four step process [85]. 
Alternatively, Pchlide can be accepted as substrate by Chl 
synthase resulting in the formation of protochlorophyll 
(Pchl). However, Pchl cannot be converted by LPOR and 
accumulates as a side product in the seed coats of some 
Cucurbitaceae such as Cucurbita pepo [86–89], Luffa 
cylindrica [90] and Cyclanthera explodens [91]. Relatively 
small amounts of Pchl was also found in etiolated plant 
material (e.g., [92], reviewed in [82]) as well as under 
natural growth conditions in cabbage heads [93,94], different 
young organs ([95,96]) including the innermost leaves of 
buds [97–99] (reviewed in [74,75,82]). It may be noted that 
etiolated plants only contain Pchlide a, reports about the 
presence of Pchlide b by the Reinbothe group [67] represent 
probably artefacts [100]. 
Chl biosynthesis is tightly regulated, mainly to 
prevent the accumulation of unsaturated porphyrin/chlorin 
compounds which readily absorb light energy and act as 
photosensitizers (e.g., [101–103]). Moreover, this regulation 
is required to keep the right proportions between the 
synthesis of different tetrapyrroles, i.e., hemes, Chls, 
phytochromes, phycobilins, etc., which are important for 
different metabolic processes. The mechanisms of this 
regulation are still intensively investigated and the current 
state of knowledge is summarized in [50,74,79,104,105]. 
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Chl d is synthesized from Chl a, whereas the 
biosynthesis of Chl f has not yet been elucidated [9]. 
Similarly, little is known about Chl c biosynthesis (reviewed 
in [39,106]). It has been suggested that MV- and DV-Pchlide 
are converted into Chl c1 and c2 due to oxidation followed by 
dehydration of the propionyl side-chain to form a double 
bond, however, the respective oxidase (171 oxidase) is still 
hypothetical and may be responsible for several reactions 
[106]. It was confirmed that Chl c1 has identical chemical 
structure to Pchlide a except a double bond in the side chain 
at C-17 (Fig. 1B) and is thus a competitive inhibitor of 
LPOR [107]. 
 
4. OCCURRENCE, LOCALIZATION AND ROLES OF 
CHLOROPHYLLS IN VIVO 
 
Except chemoautotrophy and special 
bacteriorhodopsin- or proteorhodopsin-based photosynthesis 
present in some prokaryotes (archaea), global autotrophy 
strongly relies on Chl-based photosynthetic processes. The 
latter can be observed in some primitive non-oxygen-
evolving (i.e., anoxygenic) bacteria, and oxygen-evolving 
organisms such as cyanobacteria (the chloroxybacteria sensu 
lato including Chl b containing prochlorophytes and 
organisms having Chl d like Acaryochloris marina), 
eukaryotic algae and plants. Chl (or bacteriochlorophyll) 
molecules are essential for all these photosynthetic 
organisms and are, therefore, widely distributed among them 
(Table 1) [108]. 
 
4.1. Occurrence and Roles 
 
Even anoxygenic green sulfur bacteria and 
heliobacteria contain traces of minor variants of Chl a 
functioning as an intermediate in the electron transport chain, 
however, most anoxygenic prokaryotes (e.g., purple bacteria, 
green sulfur bacteria, green non-sulfur bacteria and 
heliobacteria) use various bacteriochlorophylls during 
photosynthesis [108]. 
In oxygen-evolving (oxygenic) photosynthetic 
organisms, Chl a has crucial role in the photosynthetic 
energy conversion process in the reaction center where it is 
present in a dimeric form (with Chl a’ isomer representing 
the half of the P700 reaction centers). In some algae (i.e., 
dinoflagellates) Chl a and a special carotenoid, peridinin 
form light-harvesting antenna complexes [108]. 
Prochlorococcus, a prochlorophyte, exceptionally contains 
DV-Chl a instead of MV-Chl a [109]. 
Other chlorophyllous pigments, carotenoids 
(reviewed e.g., in [110]) and phycobilins (reviewed in [19]) 
are involved in photosynthetic light capture as accessory 
pigments absorbing and transferring sunlight energy from 
the antennae towards the reaction centers, while pheophytin 
is an essential component of photosystem II and the electron 
transport chain [108]. 
Algae have various accessory pigments both in terms 
of carotenoids (especially xanthophylls [110]) and 
chlorophyllous pigments (Table 1). For instance, Chl b is the 
major accessory pigment of prochlorophytes, euglenoids, 
chlorarachniophytes, green algae and plants, while Chl c is 
present in cryptophytes, haptophytes, dinoflagellates and 
stramenopiles (also known earlier as heterokontophytes 
including major taxa like Bacillariophyceae, Chrysophyceae, 
Xanthophyceae, and different brown algae) (Table 1) 
[37,108]. 
It has to be mentioned that in addition to the ‘real’ 
autotrophic photosynthetic organisms discussed above and 
relevant for industrial extraction of Chls, some protozoans 
(foraminifera and ciliates) and metazoans (like sacoglossans 
of Elysia, Tridacna and Placobranchus genera) may also 
acquire and harbor intracellularly intact and functional 
chloroplasts (so-called kleptoplasts) from photosynthetic 
organisms, and thus, may also contain Chls [111]. 
 
4.2. Localization 
 
In vivo, photosynthetic tetrapyrroles are bound to 
lipid-containing photosynthetic protein complexes located in 
membranes, and have photosensitizing effect when not 
bound to proteins. In prokaryotes (cyanobacteria and 
prochlorophytes) Chls and photosynthesis are located in the 
thylakoids in the cytoplasm, while in eukaryotes, Chls and 
photosynthesis is located in the thylakoid membranes of 
chloroplasts of various origins and structures [112,113]. 
Obviously, chloroplasts represent the major sites of 
Chl accumulation and photosynthesis in eukaryotes, where 
the light phase of photosynthesis and Chls are located to 
thylakoids, and the dark phase proceeds in the stroma (Fig. 
3) [108]. In land plants, stacked grana and unstacked stroma 
thylakoids can be distinguished (Fig. 3A), which also differ 
in the distribution of photosynthetic pigment-protein 
complexes. However, in most photosynthetic eukaryotic 
algal groups thylakoids are parallelly arranged into 2-6 
layered assemblies, the so-called lamellae [37,112] (Fig. 
3B). Organisms having phycobilisomes (most cyanobacteria, 
rhodophytes and glaucophytes) represent an exception to this 
rule and contain single thylakoid lamellae [19,37,112]. 
In addition to photosynthesis, plastids harbor several 
crucial metabolic pathways. The structural and functional 
specialization of plastids can be already observed in some 
algae [112], but becomes more prominent in land plants, in 
which plastid differentiation occurs in several distinct 
directions [113]. It is noteworthy to mention that Chls and 
their accumulation can be also observed during all plastid 
differentiation processes that lead directly to chloroplast 
formation. Chl synthesis occurs during different stages of 
greening, i.e., in the single thylakoids of some proplastids 
(e.g., [95,98,99], or in developing grana of young 
chloroplasts and/or etio-chloroplasts (e.g., [95,96,98,99]), or 
along the development of the photosynthetic apparatus 
during chromoplast-to-chloroplast or amyloplast-to-
chloroplast transformation pathways. Similarly, Chl (and its 
breakdown products) can be observed during chloroplast 
senescence (e.g., [93]) or during all plastid transformation 
processes starting from chloroplasts such as for instance 
chloroplast-to-chromoplast or chloroplast-to-amyloplast 
differentiations during fruit ripening. 
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Fig. (3). Chloroplast ultrastructure in various photosynthetic 
eukaryotes. A) Chloroplast with grana and stroma thylakoids 
from 14-day-old light-grown pea leaf (Pisum sativum). B) 
Chloroplast with thylakoid lamellae from the green alga, 
Pseudochloris wilhelmii. S: stroma; white asterisk: granum; 
black asterisk: thylakoid lamella; black arrowhead: stroma 
thylakoid. Bar: 1 µm. 
 
Plastid differentiation occurs in parallel with cellular, 
tissue and organ differentiation observed in land plants. 
Consequently, Chl accumulation is most prominent in the 
photosynthetically active chlorenchyma tissues in leaves 
(i.e., leaf mesophyll cells), green stems, floral parts and 
fruits. Occasionally, Chl may be observed in the 
seeds/embryos of some species or in the aerial roots of some 
epiphytic orchids. 
 
4.3. Sources for Industrial Extraction 
 
Green leaves typically contain approx. 0.25% Chls 
[114] or up to 1% Chl on dry weight basis in case of spinach 
[115]. Taken together, for industrial applications green 
leaves represent the ideal source for Chl extraction, although 
emerging techniques and new methods have been developed 
that rely on cyanobacteria (e.g., Arthrospira [116]) or 
microalgae (Chlorella [117]) (reviewed in [1,21,118,119]). 
Leaves of for instance alfalfa, grass [120], nettle [121], and 
edible plants (including spinach [122,123]) can be also used, 
but dried alfalfa plants represent the primary source for the 
production of the food colorant especially in the United 
States [118,120,124–126]. 
Dried (dewatered) or fresh plants, and in case of 
marine species desalted microalgal biomass are extracted in 
general by conventional organic solvent extraction (using 
mainly acetone, ethanol or hexane alone or in combination), 
but supercritical fluid extraction may be also applied [1]. In 
the Far East, Chl is also extracted from silkworm droppings 
and mulberry (Morus) leaves, neither being allowed sources 
in the European Union and the United States [124]. 
Silkworm droppings are used as folk medicine in the Far 
East and contain – among others – pheophorbide [127] and 
10-hydroxypheophytin a, a Chl metabolite [128], and may be 
even used for the production of food colorants (Na-Cu-
chloropyllins – for details see Section 5.2) [129]. 
 
5. CHLOROPHYLLS AS HIGH VALUE COMPOUNDS 
 
Chlorophyllous pigments may be used by the food 
industry and in medicine. However, pigment stability, 
composition and purity have to be carefully considered 
before their potential industrial applications and will be thus 
reviewed below. In addition to the best known Chl a and b 
pigments and their direct derivatives discussed below in 
detail, it is noteworthy to mention that other Chl-s and their 
precursors are also consumed by humans along with food. 
For instance Chl c is present in food products of red or 
brown algal origin, Pchlide and Pchl in cabbage heads 
[93,94], edible dark-germinated sprouts, pumpkin seeds [86–
89] and their seed oils [130][130,131], etc. Some of them are 
also present in products used by the health industry (e.g., in 
health promoting or medicinal products based on pumpkin 
seeds and thus containing Pchl but also polyunsaturated fatty 
acids, tocopherol and phytosterols as active ingredients). 
However, this review is dedicated to Chl a and b and some 
of their derivatives directly investigated and used by the food 
industry and medicine. 
 
5.1. Stability of Chlorophylls 
 
When removed from their native environment (i.e., 
from the Chl-protein complexes of the photosynthetic 
apparatus) Chls are highly sensitive molecules to light, low 
pH, high temperature, enzyme reactions and oxygen [17]. 
This sensibility can be observed both in vivo and in vitro, 
with Chl b being in general more stable than Chl a (e.g., 
[132–135]). 
In vivo, Chl-containing fresh vegetables and fruits 
contain a number of enzymes like peroxidases and 
lipoxygenases, but also other enzymes and substances 
involved in natural Chl breakdown which can induce 
pigment degradation from so-called ’free’ Chl pigments. The 
chlorophyllase enzyme (EC 3.1.1.14) is responsible for the 
cleavage of the phytol chain during Chl breakdown 
associated with the chloroplast-chromoplast transformation 
during fruit ripening [136] and with herbivory, where the 
product, Chlide, has been recently suggested to play a role in 
protection against herbivores [137]. Chlide is then 
demetallated by a metal chelating substance to yield 
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pheophorbide [138]. However, in contrast with this generally 
accepted Chl-Chlide-pheophorbide degradation pathway, 
recently it has been shown that during leaf senescence and 
Chl breakdown during stress, the removal of Mg from Chl 
by this metal chelating agent preceeds deesterification [139]. 
This results in the formation of pheophytin, which is finally 
cleaved to pheophorbide by pheophytinase [139]. The 
removal of the phytol chain increases water solubility and 
together with the removal of Mg these steps are leading to 
the elimination of Chls and their various photosensitizing 
breakdown products via the Chl degradation pathway (for 
review see [140]). However, plants with high chlorophyllase 
content or activity (e.g., Heracleum [114] and other species 
[141]) must be avoided during Chl extraction (but may be 
used for Chlide extraction instead). 
In addition to these processes, saponification with 
strong alkali also induces the cleavage of the phytol chain 
[118], while heat stress or acidification result in the loss of 
the central Mg even in enzyme-free systems. Strong light 
and/or very strong heat treatment (e.g., heating Chl in 
cottonseed oil at 180 °C for 60 min [142]) can lead to 
complete destruction of the pigments and thus the bleaching 
of the food product. In addition to preventing Chl 
degradation in food products, the texture, flavor and 
nutritional quality of the products must be also preserved. 
Taken together, special care has to be applied to avoid 
these and other Chl degradation reactions (i.e., by 
inactivation of the above-mentioned enzymatic activities) 
during the storage, extraction, isolation, processing of Chl 
from plants and/or during the treatment of Chl-containing 
foodstuff and/or medicinal products [17]. This issue is even 
more delicate for the food industry because consumers often 
associate changes resulting in olive-green or brownish Chl 
breakdown products (pheophytins, pheophorbides and/or 
pyropheophorbides) with wilting, aging and decreased 
commercial value of the fresh, deep-frozen, canned, 
sterilized or cooked products. This is probably due to the fact 
that bright green color is generally perceived as representing 
freshness, palatability and nutritional quality, while 
unappealing color rises suspicion about the food quality 
[17,143]. This is evenmore important because the brain 
associates color with flavor [144] and olive-green color is 
generally perceived and identified as the least appealing 
color. 
Therefore, the bright green color of Chl containing 
products can be maintained by using (1) controlled 
atmosphere and/or low temperature and/or low light (or 
dark) storage, or (2) post-harvest treatment of the product 
with adequate phytohormones such as cytokinins or 
gibberellins, or (3) processing in milder conditions (e.g., 
using blanching, dehydration, freeze-drying, high-
temperature short-time processing method or by pH 
adjustment in case of some products) [143]. However, the 
optimal treatment varies a lot depending on the species and 
the product under study, and in some cases heat treatment is 
necessary to inactivate the Chl degrading enzymes present in 
the plants in vivo, thus, an optimal treatment for preservation 
of both the product and its color has to be determined for 
each commodity [17]. The addition of natural food colorants 
is an alternative to ’re-green’ the color of such foodstuff after 
preservation and other, sometimes unavoidable pre-
treatments. 
In addition to unfavorable changes in the color of the 
Chl-containing food products, it is also important to avoid 
such reactions in health care products because these different 
breakdown products have different solubility, bioavailability 
and bioactivity. In some countries (e.g., in Japan) the 
pheophorbide level of food products is regulated by the Food 
and Health Administration (1 mg g-1) due to their negative 
health effects (i.e., photosensitization in the human skin) 
[145,146]. 
Chl molecules and their derivatives have light 
sensitization effects also in the food products. For example 
their presence (even in sub-ppm levels) may trigger a rapid 
degradation of the citrus juice flavor, especially at low pH 
[147]. As a consequence, analytical methods to detect 
pigments in crops (and during their ripening – e.g., in lemon 
using non-invasive Chl fluorescence imaging [148]), and in 
foodstuff are important in food quality control during 
processing and storage and sometimes also to detect 
adulteration (especially in case of synthetic food colorants 
which are still two to 10 times cheaper than natural ones 
[17,122]). Similarly, both Chls a and b and pheophytins a 
and b have strong photooxidation promoting effect on 
methyl-linoleate and triglycerides in oils indicating that 
special attention has to be paid to Chl and its degradation 
products during quality control of vegetable oils [149,150]. 
 
5.2. Use as Food Colorants 
 
As discussed above (Section 5.1), in order to increase 
the marketability of the products special care has to be taken 
during food processing to retain and/or restore the green 
color of Chls and to avoid the formation of their less 
attractive colored and/or less healthy breakdown products in 
all commodities containing Chls (either inherently or as 
color additives or as medicinal products). 
One major problem limiting the use of Chls as direct 
food colorants is that the central Mg is easily lost during 
processing. This can be solved by replacing this ion with 
other metals within the macrocycle resulting in more stable 
Chl-metal complexes. The other limiting factor is the high 
hydrophobicity of the pigment molecule imparted by its long 
hydrophobic phytol chain (derived from phytol - C20H39OH) 
and by a fifth ring (cyclopentanone) in the macrocycle [125]. 
Chemical modification of these groups can increase the 
water-solubility of Chl derivatives and provides water-
soluble food colorants. 
The enhanced color and stability of Cu and Zn 
chelates of Chl derivatives, pheophytins and pheophorbides, 
was first described by [4]. However, for the same purpose 
people have been using copper kettles and/or coins to replace 
Mg2+ by Cu2+ in Chls during fermentation, cooking or 
brining of pickles since centuries. On the basis of the same 
phenomenon cupric sulphate (and copper oxide) were also 
evaluated by the Scientific Commitee for Food as food 
additive to be used as a color stabilizer of canned green 
beans and cucumber salad [151,152]. Such molecules (i.e., 
Zn- or Cu-Chl derivatives such as pheophytins and 
pyropheophytins) may be also rarely formed spontaneously 
via complexation with plant-derived Zn2+ or Cu2+ ions during 
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for example thermal food processing of plants with high 
levels of these ions [153,154] or in case of food processing 
(e.g., blanching) carried out in solutions of these ions (e.g., 
Zn2+) [155]. These protocols result in color improvement of 
the processed food. 
The term chlorophyllin (used sensu lato in the food 
industry and science) refers to semi-synthetic Chlide 
derivatives of various structures (and often represents itself a 
mixture of different pigments including pheophorbides and 
other pigments without the cyclopentanone ring like e.g., 
chlorins [125]). Chlorophyllins differ most importantly in the 
identity of the cations associated with the porphyrin ring 
(anion). After the extraction from plants (see Section 4.3) the 
synthesis of different chlorophyllins starts with the alkaline 
hydrolization (saponification) of natural Chl in alkaline 
medium (using methanolic sodium hydroxide), that both 
removes the phytol group and opens the isocyclic ring 
[119,125] to increase the solubility of the pigment. Na+ or K+ 
ions may bind to the carboxylic groups of the porphyrin ring 
and stabilize its structure. After saponification (or instead of 
it), copper sulfate in acidic medium can also be added to 
replace the central Mg2+ by Cu2+ and to increase this way the 
chemical stability of the pigment [118,125]. Besides the 
predominantly used Cu2+, divalent cations such as Fe2+ and 
Zn2+ (e.g., [155]) can be also used to replace the central Mg2+ 
ion during food processing. This may be especially useful to 
retain the green color of processed green food products (i.e., 
thermally processed peas [155]), which would otherwise turn 
olive-brown due to pheophytin/phephorbide formation. 
When Cu2+ replaces the central Mg2+ of Chl and Na+ ions 
bind to the carboxylic groups of the porphyrin ring, the 
newly formed molecule is termed sodium-copper-Chl (Na-
Cu-Chl, but is in fact sodium-copper-pheophytin). Due to the 
chemical reactions occurring in the semi-synthetic process 
and also due to the original and natural heterogeneity of Chl 
pigments in plants, Cu-chlorophyllins constitute a complex 
mixture of various chlorin-based compounds [125], and 
similarly, a multiplicity of pigments can be detected in 
commercially available color formulations and in 
(processed) food products supplemented with this pigment 
[156]. The major component of commercial Cu-
chlorophyllin is Cu chlorin e4 [124,157]. Semi-synthetic Cu-
chlorophyllin can be made very pure and as it is water 
soluble it contains no carotenoids [124]. 
The above-mentioned Chl derivatives may have 
increased water-solubility and stability than the original 
Chls, especially to acids [119] and high temperatures [158], 
and have better tinctorial power [125]. Thus metal-
substituted Chl derivatives have a potential use as blue-green 
colorants of beverage and are also useful to avoid 
accumulation of Chl degradation products during processing 
or storage [1,47]. Liposoluble (hydrophobic) Chl or 
pheophytin derivatives can be either directly applied in less 
polar (also lipophilic) products or must be first mixed with a 
small quantity of vegetable oil to obtain the desired solution 
to be used later. 
Mg-containing ’true’ Chls and their direct derivatives 
are accepted food colorants in the European Union 
(E140)[126] and several countries (but not in the United 
States) [118,120]. E140i (also termed CI Natural Green 3, 
color index number 75810) corresponds to liposoluble Mg-
Chls a and b as well as their pheophytins directly extracted 
from plants, while E140ii (also termed CI Natural Green 5, 
color index number 75815) represents water soluble 
chlorophyllins (Na- or K-chlorophyllins without phytol and 
with or without the central Mg2+) [17,126]. E140ii is 
obtained by alkali treatment (saponification) and subsequent 
neutralization by K and/or Na salts [126]. 
In accordance with altered European Union 
regulations, the European Food Safety Authority (EFSA) has 
very recently reviewed the use of E140ii as individual food 
colorant [159]. They stated that its safety cannot be actually 
assessed because of the confusing and inconsistent use of the 
term chlorophyllin by scientists and the food color industry, 
and the fact that its composition is not clearly defined. 
Therefore, chlorophyllins and their structures have been also 
defined sensu stricto [159] (Fig. 4), while it was pointed out 
that the commercially available E140ii typically contains 
chlorin e6 and rhodin g7 (Fig. 4) which seem to be the 
primary breakdown products of Chl a and b, respectively, 
upon alkaline hydrolysis [159]. This is due to the fact that 
this reaction does not only remove the phytol chain (and a 
methyl side chain), but also often leads to the disruption of 
the isocyclic (cyclopentanone) ring, therefore, a great variety 
of different compounds are formed [125]. Chlorophyllins (as 
defined sensu stricto above, Fig. 4) and other tetrapyrrole 
compounds present in E140ii (chlorins and rhodins, etc., Fig. 
4) have different physico-chemical properties than Chls 
(E140i) and are not present in the regular human diet and do 
not represent natural Chl metabolites in humans, therefore, 
read-across for systemic toxicity data between these 
compounds is not supported [159]. In addition, due to 
nomenclature problems, most previous studies on the 
absorption, distribution, metabolism and excretion (ADME) 
and toxicity of chlorophyllins (E140ii) were conducted on 
Cu-substituted chlorophyllins, and are thus not readily 
acceptable for E140ii typically containing demetallated 
chlorins. As a consequence, the definition, the identity, and 
the safety of E140ii has to be carefully and separately 
revised before its (further) use on the market. Unfortunately, 
scientific papers also often use only the product and term 
’chlorophyllin’ sensu lato to describe the commercially 
available complex mixture of Chl derivatives. Therefore, 
later (e.g., below and in Sections 5.3 and 6) we will also use 
this term in a wider sense, unless otherwise stated. 
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Fig. (4). Structure of chlorophyll and its major derivatives used by the food industry or produced during food processing or 
digestion (e.g., pheophytins and pheophorbides). 
 
Copper-Chl food colorings have been produced since 
1926 [114]. Chlorophyll(in) derivatives containing Cu as 
central ion in the macrocycle and occasionally binding Na+ 
ions as well are also approved food colorings (E141, color 
index number 75815) (Figs 4 and 5). E141i represents 
liposoluble Cu-Chls (more exactly Cu-pheophytins, 
possessing the phytol side chain, and also termed CI Natural 
Green 3), while E141ii corresponds to water-soluble Na-Cu-
chlorophyllins and K-Cu-chlorophyllins (sensu lato, without 
phytol, also termed CI Natural Green 5) [17,126,152]. E141i 
is obtained by the addition of Cu2+ salts to the substance 
obtained by natural extraction of Chls (i.e., a mixture 
containing both Chl a and b, some carotenoids, vaxes, fatty 
acids, etc.) [126]. E141ii is obtained by saponification of 
extracted Chl containing substance resulting in the removal 
of the methyl and phytol ester groups, and partial cleavage of 
the cyclopentanone ring, followed by addition of Cu salts to 
substitute the central Mg2+, and Na+ and/or K+ ions to 
neutralize the acid groups [126] (Fig. 5). 
After the first extraction step (for E140i) and the 
addition of Cu salts (in case of E141i), the organic solvents 
are removed and a dark green, blue-green or olive-green 
oleoresin (vaxy solid) is obtained that contains typically 10-
20% Chls along with co-extracted other lipophilic 
components including carotenoids (predominantly lutein and 
β-carotene), vaxes and fatty acids [126]. In case of E140ii 
and E141ii dark green or blue/black powders are obtained 
after the saponification process and the purity of 
tetrapyrroles (chlorophyllins sensu lato) can reach 90-95% 
[126] due to the fact that these pigments are water soluble, 
therefore, the lipophilic compounds (carotenoids, vaxes, etc.) 
present after the simple extraction step are no longer present. 
However, these also contain a complex mixture of 
compounds. 
 
 
Fig. (5). Structure of Na-Cu-chlorin e6 (R = CH3) and Na-
Cu-rhodin g7 (R = CHO) present in E141ii. 
 
The European Union has approved the use of Cu-
chlorophyllin and Cu-Chl complexes in a broad range of 
foodstuffs [160]. Na-Cu-chlorophyllin is also an approved 
food colorant in the United States exempt from certification 
[120]; however, at present its usage is restricted to dry mix 
citrus-based beverages at a level not exceeding 0.2% [120], 
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and the source for isolation is restricted to alfalfa (21 CFR 
73.125) [120,124]. In addition to the European Union, K-Na-
Cu-chlorophyllin has been also listed for use in the United 
States as a color additive in toothpastes that are either drugs 
(21 CFR 73.1125) or cosmetics (21 CFR 73.2125) [120]. 
Oil-soluble Cu-chlorophyllin complex can be also used in 
polymethylmethacrylate bone cement (21 CFR 73.3110) 
[120]. For this purpose natural Chls are extracted from a 
mixture of fescue and rye grasses, then acid- and Cu-treated 
to replace Mg2+ by Cu2+, and finally diluted to 5% 
concentration in a mixture of palm oil, peanut oil and 
hydrogenated peanut oil [120]. 
The Acceptable Daily Intake (ADI) for Cu complexes 
of Chls and chlorophyllins is 0-15 mg kg-1 body weight 
[159,161,162], however, the US Food and Drug 
Administration (FDA) permits the over-the-counter use of 
Cu-chlorophyllin complex as an internal deodorant in typical 
doses of 100-200 mg and in some cases up to 300 mg daily 
(21 CFR 357.850) [163]. 
Except for Chl containing vegetables and some fruits, 
the green color is in general not too much appreciated in 
food and beverages. Therefore, the use of these colorants 
(E140 and E141) is quite limited in the food industry, 
although they are almost the only alternative for green 
(bluish) colorants of natural origin. E140 is used to (re)color 
a variety of foods and beverages green including pasta, 
absinthe, cheeses, preserved (canned) vegetables, vegetables 
in vinegar, brine and/or oil, mustard, and jam industry 
products (jams, marmalades and jellies) [164], flavored 
fermented milk products, bakery wares, breakfast cereals, as 
well as soups and broths [159]. E141 is similarly used, for 
instance in cheeses, sweets (e.g., ice cream), soups, 
preserved (canned) vegetables and fruits, jam industry 
products and beverages [164]. Interestingly, E141ii was 
recently discovered as adulterant to restore the green hue of 
table olives, a practice not allowed in the European Union 
[165]. 
Taken together, the development of sophisticated 
identification and detection protocols of the different Chl 
derivatives is of great importance for the food industry 
[17,157,165–167] especially in case of products containing 
high amounts of emulsifiers, gelatine or fats [156]. These 
methods must have high sensitivity as the dose rates used for 
food coloring vary between 0.005-0.01 for oil-soluble, and 
0.002-0.01 for water soluble products, respectively [114]. 
 
5.3. Health Promoting and Medicinal Effects 
 
Below we review literature data related to toxicology 
and medicinal effects of chlorophylls and their derivatives 
first of all in humans. The role of dietary Chl metabolites and 
derivatives in animals and humans is reviewed in detail 
elsewhere [115,125,168–170]. Ideally, medicinal studies 
with Chl derivatives should use a single compound with 
verified purity and/or with stable and well-characterized 
composition [171,172]. However, often this is not the case. 
Most studies on for instance cancer-related research of Chl 
derivatives used the relatively cheap, stable, commercially 
available and water-soluble food-grade Cu-chlorophyllin, the 
composition and purity of which was often not standardized 
[171,172] (see Section 5.2). 
Therefore, often it is difficult to compare and to 
evaluate the significance of sometimes conflicting literature 
data. As even similar Chl derivatives may have completely 
different absorption properties, metabolism and biological 
effects, this represents a real problem in case of 
chlorophyllin ’mixtures’ [172]. Thus, we focused on data 
available on purified Chl derivatives. There is some 
controversy about the exaggerated healing properties of Chl, 
especially when applied externally, and scientific evidences 
to support consistent health protecting roles of Chls 
(especially confirmation of in vitro effects in humans in 
vivo) are still required [173]. For instance, the Mg content of 
dietary Chls seems to be of little relevance to Mg nutrition in 
humans [174]. For further information about clinical trials, 
history, pharmacology, interactions, adverse effects, 
toxicology and dosing the authors are directed towards an 
evidence-based systematic review published recently by the 
Natural Standard Research Collaboration [169]. 
Data dealing with bioavailability and safety, 
antioxidant activity and miscellaneous medicinal 
applications of Chl derivatives will be discussed below. 
Several Chl derivatives seem to be promising anticancer 
compounds due to their light-activated photosensitizing 
effect during photodynamic therapy (PDT), to cancer 
chemoprevention by their chelating, antimutagenic, 
anticlastogenic and antigenotoxic activities, to their 
antioxidant and anti-inflammatory properties as well as to 
their direct anticancer therapeutic effects based on apoptosis 
induction. 
 
5.3.1. Bioavailability and Safety 
 
Until recently it was generally accepted that during 
digestion of Chl containing food, the Mg and/or the phytol 
are lost, resulting in pheophytin, pheophorbide and/or Chlide 
formation. Clearly, Mg can be lost in the highly acidic 
gastric fluid and later during gastrointestinal ingestion, but 
no other important degradation or conversion was observed 
during Chl digestion by dogs [175]. Dogs fed with spinach 
containing diet had an apparent Chl derivative absorption of 
2.5-4% (determined from the feces), however, no Chl 
derivatives could be detected in their peripheral blood until 
150 min after consumption outlining their low absorption 
and/or fast metabolization [175]. In vivo human studies have 
shown that 90-95% of 14C-labelled orally fed pheophytin 
was excreted with the feces mostly unchanged, and that less 
than 5% of the phytol of ingested cooked spinach was 
absorbed in the thoracic lymph duct [176]. Taken together, 
pheophytins a and b represent the major metabolites of Chls 
observed in human and dog feces [175], cleavage of the 
phytol chain is unlikely during digestion [159]. 
This fact is evenmore important, because de-esterified 
natural tetrapyrroles (e.g., pheophorbides) have been shown 
to be appr. 65-fold better absorbed than phytylated ones from 
the food matrix by Caco-2 intestinal epithelial cells in a 
simulated digestion model system, allowing their larger 
accumulation in the human body [177]. Pheophorbide was 
shown to be 5-fold better absorbed than pheophytin in mouse 
myeloma cells (P3X63Ag8) in vitro [178]. Phytylated Chl 
derivatives (Chls and pheophytins) showed passive 
absorption by diffusion, while pheophorbides showed 
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passive absorption by facilitated diffusion at low 
concentrations [177]. Some data show that pheophorbide a 
and pyropheophorbide serve as substrate for ABC 
transporters (specifically BCRP/ABCG2 transporters) 
facilitating apical efflux and thus limiting/controlling the 
bioavailability of these molecules in human cell lines [179] 
and animals [180]. 
Pheophorbide was located (using its fluorescence 
properties) to mitochondria after uptake by Jurkat cells 
(human lymphoid tumor cell line) [181], Hep3B human 
hepatocellular carcinoma cells [182], RAW 264.7 murine 
macrophage cells [183], MCF-7 human breast tumor cell line 
[184] and MES-SA human uterine sarcoma cell line [185]. 
Chlorophyllin e4 [186,187] and chlorophyllin f [188] were 
localized to mitochondria and lysosomes in human bladder 
cancer cells in vitro. Pyropheophorbide a derivatives showed 
concentration dependent localization to lysosomes (low 
concentration) and/or mitochondria (high concentration) in 
human pharyngeal squamous cell carcinoma (FaDu) cells 
and murine radiation-induced fibrosarcoma mutant cells 
[189]. 
It is also noteworthy to mention that pheophorbide 
was 25-fold better absorbed by myeloma cells than by 
normal, non-tumor mouse splenocytes [178], indicating the 
increased affinity of tumor cells to bind and absorb Chl 
derivatives, a property useful and widely used in PDT of 
cancer cells (reviewed in [190], see Section 5.3.3). Similarly, 
the uptake of several Chl derivatives (e.g., Na-pheophorbide 
a [191]) administered either in vitro or in vivo (orally or 
intraperitoneally) was clearly demonstrated during studies 
dealing with PDT (see Section 5.3.3). 
The digestion and absorption of Chl derivatives used 
in food industry – e.g., Cu-chlorophyll(in)s and or Zn-
derivatives [192,193] – was thought to be similar to that of 
Chls, with very low amounts of these pigments being 
absorbed by the body. However, in contrast to Mg, Cu or Zn 
remains in general bound to the porphyrin even after 
digestion [192]. Interestingly, intraperitoneally administered 
(Mg-)Chlide a and Zn-Chlide a were both absorbed by the 
body of tumor-bearing mice [193]. However, the uptake and 
clearance of Zn-Chlide a was much slower than that of Mg-
Chlide a, and it showed ten times higher but aspecific 
(uniform) accumulation in most tissues and/or organs, while 
Mg-Chlide a preferentially accumulated in the intestine and 
the liver [193]. This clearly shows that the pharmacokinetics 
of the Chl derivatives depend on the central metal ion, and 
that some derivatives (e.g., Zn-Chlide a) may be weakly 
recognized by the system of active transport of xenobiotics 
and of the enzymes responsible for Chl metabolization [193]. 
Despite the limited amount of toxicological studies on 
dietary natural Chls and Chl food additives, they are 
considered as safe compounds not raising toxicologic 
concerns due to their widespread and long-term ingestion by 
humans and their limited absorption (e.g., 5% and 95% 
pheophytin absorbed and excreted, respectively, in the feces 
in vivo – [176], 5-10% absorbed Chl derivatives, especially 
pheophytins by Caco-2 human cells in vitro [192,194]) by 
the human body [17]. No photosensitization and Cu-related 
toxicity as well as no adverse effects or toxicity symptoms 
were observed in normal albino rats fed up to three percent 
of K-Na-Cu-chlorophyllin in their diets over their entire life 
span [195]. 
In vitro studies using the water soluble food colorant 
and dietary supplement Na-Cu-chlorophyllin in different 
models have shown that its major compound Cu-chlorin e4 
remained relatively stable during simulated gastric and small 
intestinal digestion, while 90% of Cu-chlorin e6 was 
degraded to undetermined products [194]. Co-administration 
of the food colorant with apple sauce could partially prevent 
this degradation process [194]. Similarly to natural Chl from 
processed spinach [192], Na-Cu-chlorophyllin (and its major 
compound Cu-chlorin e4) was effectively absorbed by the 
Caco-2 human intestinal cell lines in vitro [194], suggesting 
that this food colorant is at least partly absorbed from the 
human intestine. This fact was further confirmed by data 
showing chlorophyllin uptake by e.g., lymphocytes [196], 
and by a randomized, double-blind clinical trial in China 
showing that after the consumption of 3x100 mg Cu-
chlorophyllin daily during 4 months, the blood sera of 
volunteers became green and contained low but detectable 
levels of Cu-chlorin e4 as well as its ethyl ester suggesting 
that the pigments are distributed into total body water 
[197,198]. Similarly, chlorophyllin was detected in mice sera 
after intraperitoneal addition of chlorophyllin or oral gavage 
by as much as 2000 mg kg-1 body weight without any side 
effects [199]. In addition to green blood serum, orally 
administered chlorophyllin may result in yellow or black 
tongue color, and green discoloration of the urine and feces 
[200]. Thus, it may give false positive results in guaiac fecal 
occult blood test [201]. Occasionally diarrhea, cramps [163] 
or mild burning and itching [202] may be associated to its 
oral [163] or topical [202] administration, respectively. 
Several data – such as for instance fast distribution of 
chlorophyllin in skin and other tissues of mice [203], no 
toxicity in Salmonella [204], rainbow trouts [205], rats and 
mice [195,203,206], or in normal human liver cell lines 
[207], no toxicity or ill effects observed in 62 geriatric 
human patients in vivo [208], or in patients receiving 
chlorophyllin intravenously [209] or orally [197] – suggest 
that both oral and parenteral administration of these 
pigments did not produce any gross adverse effect on health. 
Therefore, they are considered to be safe and are permitted to 
be used in most countries as food additive [1,114,125] and/or 
dietary supplement. However, the concentration of free 
ionisable Cu in the coloring must be kept below 200 ppm 
under current regulations [120] and care has to be taken not 
to exceed the value permitted by the United States’ Food and 
Drug Administration, because there are few reports on the 
toxic effects of Cu-chlorophyllins (e.g., tumor promoting 
effect [210–218]) that are not easy to interpret [125]. The 
LD50 of K-Na-Cu-chlorophyllin was established as 190 μg 
gram−1 body weight for mice [125]. 
It seems that both toxic (e.g., few reports about 
phototoxicity and the cytotoxic or tumor promoting effect of 
Cu-chlorophyllin during mutagen-induced carcinogenesis) 
and positive health effects (e.g., antioxidant activity) of Chl 
derivatives strongly depend on the pigment concentration, 
pigment structure/composition and the experimental 
conditions (cell type, mutagen employed, mode of 
absorption, bioavailability, bioaccessibility, length and mode 
of treatment, model system, etc.), but also on the presence of 
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non-Chl derivatives (including free Cu in the commercially 
available pigment mixtures – [219], reviewed in 
[125,172,190]). Clearly, the toxicity and safety of food and 
medicinal products should be first assessed in case of 
carefully planned experiments using well characterized 
concentrations of known single Chl derivatives. 
 
5.3.2. Antioxidant Properties 
 
Most neurodegenerative and inflammatory diseases, 
cancer, diabetes mellitus, atherosclerosis, reperfusion injury, 
aging processes, etc. can be associated with excessive 
formation of free radicals resulting in oxidative stress and/or 
impaired antioxidant defense system of the organism. 
However, disease may be prevented or the symptoms or 
effects may be alleviated by the therapeutic use of different 
antioxidants. 
It is well-established that Chls and their derivatives 
(especially Na-Cu-chlorophyllin [194,220,221] or 
pheophorbide a [222] and b [220]) have antioxidant 
properties [168]. They are effective scavengers of reactive 
oxygen species (ROS), e.g., singlet oxygen [221–223], 
hydroxyl radical [221,224], hydrogen peroxide [221] and 
they also inhibit lipid peroxidation both in vitro [220,223], in 
vivo in splenic mice lymphocytes [196], and ex vivo in mice 
brain, liver and testis [223]. 
Several natural Chl derivatives were shown to inhibit 
hydroperoxide formation by lipid peroxidation during the 
exposure of linolenic acid to ferric nitrilotriacetate in the 
dark: Chl a had the strongest antioxidant activity, Chlide a 
had slightly less, while Chl b, pheophorbide a, 
pyropheophorbide a and bacteriochlorophyll a had much less 
antioxidant activity, and phytol was not involved in the 
antioxidant mechanism [225]. Chl a derivatives were more 
effective quenchers of two long-lived free radicals than Chl 
b, and the presence of the central metal ion (in Mg-Chl, Zn-
pheophytin, Zn-pyropheophytin, Cu-pheophytin a, Cu-
chlorophyllin) also seemed to enhance the antioxidant 
activity when compared with that of metal-free chlorins, 
pheophytins and pyropheophytins in vitro [226]. Similarly, 
Chl a and pheophytin a more efficiently prevented cell 
growth inhibition of yeast caused by the endocrine disruptor 
p-nonylphenol-mediated ROS generation in Saccharomyces 
cerevisiae than Na-Cu-chlorophyllin [227]. 
In another study analyzing the in vitro protective 
action of six natural Chl derivatives and Cu-chlorophyllin on 
lipid oxidation, pheophorbide b and pheophytin b had the 
highest antioxidant activity among natural Chl derivatives 
[220], but chlorophyllin had the strongest antioxidant 
property among all derivatives [194,220]. Clearly, the nature 
of the pigments with strongest antioxidant and radical 
scavenging capacity may depend on the free radical studied, 
the experimental conditions and, thus, the actual mode of 
action [220,226]. However, it has to be noted, that most data 
about the antioxidant properties of Chl derivatives are 
obtained in vitro, therefore, their relevance in vivo needs 
further investigations. 
The antioxidant activity of purified and isolated Na-
Cu-chlorins (i.e., Na2-Cu-isochlorin e4 and Na3-Cu-chlorin 
e6) on Fe2+- and ascorbic acid-induced lipid peroxidation in 
rat liver homogenates were about 8-fold greater than that of 
the commercially available Na-Cu-chlorophyllin mixture, 
and that of Na2-Cu-isochlorin e4 was about 20% higher than 
that of Na3-Cu-chlorin e6 [228]. These data indicate that the 
above-mentioned two compounds may account for about 
92% of the antioxidant activity of Na-Cu-chlorophyllin 
mixtures [228]. Obviously, differences between the 
concentrations of these compounds in commercially 
available Na-Cu-chlorophyllin may substantially influence 
the antioxidant properties of the latter. 
Data show that the antioxidant activity of 
chlorophyllins is mostly based on the upregulation of heme 
oxygenase-1 (HO-1) and NAD(P)H quinone dehydrogenase 
1 (NQO1) at least during H2O2-induced oxidative stress in 
human umbilical vein endothelial cells (HUVEC) in vitro 
[229,230]. Similarly, Chl and chlorophyllin can induce 
mammalian phase 2 proteins involved in cellular protection 
against oxidants and electrophiles in murine and human cell 
lines in vitro [231]. 
The radioprotector activity of chlorophyllin in 
irradiated mice splenic lymphocytes was clearly correlated to 
its antioxidant property [196]. Chlorophyllin was effective in 
preventing oxidative stress induced by various agents 
including ionizing radiation (γ-radiation [223,224,232]), 
photosensitization [223,224], ascorbate-Fe2+, NADPH-ADP-
Fe3+ and azobis-amidopropane hydrochloride both in vitro 
and ex vivo [223]. Chl derivatives (chlorophyllin [233] and 
pheophytin a [234]) also efficiently inhibited superoxide 
anion generation by 12-O-tetradecanoylphorbol-13-acetate 
(TPA) in differentiated HL-60 cells [233] and in mouse 
macrophage cells [234], and the production of hydroxyl 
radicals by Fenton reaction [233]. This antioxidant activity 
seems to be crucial for cancer chemoprevention. 
Chlorophyllin [235] as well as pheophorbide a and 
pheophytin a [236] effectively alleviated nitrosative and 
oxidative stress in lipopolysaccharide-stimulated RAW 
264.7 murine macrophage cells by inhibiting nitric oxide 
production, cyclooxygenase-2 (COX-2) expression and 
hydroxyl radical-induced cytotoxicity. 
Based on their antioxidant activities discussed above, 
Chl derivatives may be useful therapeutic compounds in the 
treatment of various diseases related to oxidative stress (e.g., 
inflammation, cancer, etc.). 
On the other hand, when present and accumulated in 
’free’ form and irradiated with strong light (e.g., during PDT 
or during exposure to sunlight, but even without these 
[183]), tetrapyrroles may themselves generate ROS [183] 
and may thus be responsible for oxidative stress and 
apoptotic and necrotic processes associated to it. 
 
5.3.3. Photodynamic Therapy (PDT) 
 
Several Chl precursors, analogs, derivatives and 
metabolites (e.g., 10-hydroxypheophytin a) can be used as 
photosensitizers in medicine for PDT of cancer (see Table 
2). During PDT, direct and selective tumor cell destruction is 
obtained by selective accumulation and light-activated ROS-
mediated phototoxicity of photosensitizing agents within 
tumor cells and/or the surrounding vasculature. During this 
process, excited photosensitizers transfer their excitation 
energy to surrounding molecules (e.g., to oxygen) to produce 
singlet oxygen and other ROS and free radicals. In addition 
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to substantial phototoxicity, photosensitizers used in PDT 
should preferably have low or no dark toxicity and low 
uptake by normal (non-cancer) cells. One of the major 
advantage of Chl derivatives in PDT – for instance when 
compared with Photofrin, a hematoporphyrin widely applied 
in PDT – is that they absorb better penetrating light 
(wavelengths above 650 nm), and can be, thus, used to treat 
larger and more deeply seated tumors [237]. In addition, they 
may be used to detect tumor cells by fluorescence [238]. 
 
 
Table 2. Medicinal use of different Chl derivatives in photodynamic therapy (PDT). 
Used pigment In vitro target In vivo target Reference 
10-hydroxy-
pheophytin a 
several human and mouse tumor 
cell lines 
- [128] 
 vesicular stomatitis virus - [239] 
Chlorophyllin e4 T24 and 5637 human bladder 
cancer cells 
- [186,187] 
Chlorophyllin f T24 and 5637 human bladder 
cancer cells 
- [188] 
Na-pheophorbide a methicillin-resistant 
Staphylococcus aureus 
methicillin-resistant 
Staphylococcus aureus induced 
osteomyelitis in rats 
[240,241] 
 Hu09 human osteosarcoma cells - [191] 
Pheophorbide a human pancreatic carcinoma 
cells 
human pancreatic carcinoma in 
athymic mice 
[242] 
 HT29 human colonic tumor cells HT29 human colonic tumor in mice [243] 
 human Jurkat leukemia cells - [181] 
 B16F10 melanoma cells B16F10 melanoma cells in 
C57BL/6J mice tumor model 
[127] 
 Hep3B human hepatocellular 
carcinoma cells 
Hep3B human hepatocellular 
carcinoma in nude mice 
[182] 
 HuH-7 human hepatocellular 
carcinoma cells 
- [244] 
 HeLa human cervical cancer, 
HepG2 human hepatocarcinoma, 
MCF-7 human breast 
adenocarcinoma, B78-H1 murine 
amelanotic melanoma cells 
- 
 
[237] 
 multidrug resistant R-HepG2 
human hepatoma cell line 
multidrug resistant R-HepG2 
human hepatoma cell line in nude 
mice tumor model 
[245] 
 MES-SA human uterine sarcoma 
cells 
- [185] 
 AT-84 murine oral squamous 
cell carcinoma  
AT-84 murine oral squamous cell 
carcinoma in C3H mice 
[246] 
 MCF-7 human breast tumor cells  MCF-7 human breast tumor in 
mouse xenograft model 
[184] 
 A432 and G361 human skin 
cancer cells 
A432 and G361 human skin cancer 
in a cell-xenograft chorioallantoic 
membrane assay model in chicken 
[247] 
Pheophorbide b HuH-7 human hepatocellular 
carcinoma cells 
- [244] 
Pheophytin a HuH-7 human hepatocellular 
carcinoma cells 
- [244] 
Pheophytin b HuH-7 human hepatocellular 
carcinoma cells 
- [244] 
Pyro-pheophorbide 
a 
SKOV3 human ovarian cancer 
cells 
- [248] 
Pyropheophorbide a 
methylester 
HCT-116 colon cancer cells - [249] and reference  
therein 
Pyro-pheophorbide 
a derivatives with 
different ether side 
chain 
 radiation-induced fibrosarcoma 
tumor model in C3H mice 
[250] 
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Pheophorbide a (but also pheophorbide b, pheophytin 
a and b [181,182,184,185,237,244–247], and chlorophyllin f 
[188] and e4 [186,187]) decreased the growth of several 
different cancer cells by inducing ROS- and mitochondrial-
mediated apoptosis [181,182,184–186,188,244–247] and/or 
autophagy [187,188,247], and lipid peroxidation [237]. 
Pyropheophorbide a methylester exerted its photosensitizing 
effect also via the same pathways although this derivative 
has been localized to the endoplasmic reticulum/Golgi 
system and lysosomes in vitro [249]. Using gentle or 
stronger PDT protocols (e.g., lower or higher photosensitizer 
concentrations), temporary growth arrest, apoptosis 
induction or, additionally, necrosis induction could be 
observed and were, thus, responsible for the anti-cancer 
effect of Chl derivatives [237,242,244]. Our better 
understanding of the molecular mechanisms responsible for 
the anti-cancer effect of Chl derivatives may be useful to 
find improved cancer treatments. For instance, the combined 
use of pheophorbide a and gene-silencing molecules against 
PDT-activated antioxidant enzymes should potentiate PDT 
[237]. Similarly, autophagy inhibitors enhanced the 
apoptotic cell death of non-muscle invasive bladder cancer 
cells mediated by PDT using chlorophyllin f [188] or 
chlorophyllin e4 [187]. 
Interestingly, in addition to its photodynamic and 
apoptosis-inducing effect, pheophorbide a increased the 
immunogenicity of human hepatoma cell line HepG2 during 
PDT resulting in increased cancer immunity (triggered 
phagocytic capture by human macrophages) in the tumor 
host [251]. Pheophorbide a also successfully inhibited the 
multidrug resistance mechanism via downregulating the 
expression of P-glycoprotein [245]. In addition to its strong 
photosensitizing activity on human and mouse tumor cell 
lines in vitro [128], 10-hydroxypheophytin a efficiently 
photoinactivated vesicular stomatitis virus during PDT 
[239]. 
Most studies dealing with PDT analyze the effects of 
one Chl derivative, few compare newly developed 
photosensitizers with existing and/or widely used ones (e.g., 
[243,248]), and only few works compare the photodynamic 
effect of various Chl derivatives. These data show that 
significant PDT effect could be obtained in vitro on HuH-7 
human hepatocarcinoma cell lines using the same low 
concentrations of pheophorbide a and b, while twice and 
four times higher pheophytin b and a concentrations, 
respectively, were needed to achieve similar effect [244]. 
Similarly, the pyropheophorbide a derivative with optimal 
lipophilicity (i.e., ester side chain length) had the strongest 
photodynamic effect, indicating that not only cellular uptake, 
biodistribution and overall tumor pharmacokinetics, but also 
pharmacodynamics can influence PDT activity [250]. 
The photodynamic effect of Chl derivatives can be 
also applied in food safety and storage. Due to the 
photodynamic effect of Chl derivatives, both Na-Mg-
chlorophyllin and Na-Cu-chlorophyllin may be used in 
edible gelatin films and coatings with photosensitized 
antibacterial activity against normal and thermoresistant 
Staphylococcus aureus, Bacillus cereus and Listeria 
monocytogenes strains in food products (e.g., frankfurters) 
[252–255]. Similarly, Na-chlorophyllin photosensitization 
was efficiently applied for microbial decontamination of 
strawberries inoculated with Listeria monocytogenes [256]. 
The antibacterial effect of PDT using these photosensitizers 
was similar or better than that of conventional 
antimicrobials, and did not affect product quality, which 
outlines their potential in the development of human and 
environmentally friendly surface decontamination methods, 
especially without thermal treatment. 
As the application of Na-pheophorbide a mediated 
PDT to normal mouse knee joint caused minimal and 
reversible changes to the joint tissue, Na-pheophorbide a 
may be safely used to treat bacterial septic arthritis [257], 
especially as Na-pheophorbide a showed antibacterial effect 
during PDT in vitro [240]. PDT with the same pigment also 
inhibited bone destruction during bacterial osteomyelitis in 
rats in vivo [241]. 
Considering the above-described potent 
photodynamic effect of these Chl derivatives (Table 2), 
understanding absorption, chemical modification and the 
presence of such photosensitizing agents in the commercially 
available food colorants and in absorbed dietary Chls is of 
great importance. Several photosensitizing pigments have 
been shown to accumulate in animal feed (e.g., pheophorbide 
in leaf protein preparations used as feed and consequently in 
animals [141]) and human food or food supplements (e.g., 
pheophorbides and pyropheophorbides in nori [146], 
pheophorbide a and its ester in Chlorella tablets [258]). 
Other photosensitizing pigments (e.g., the Chl metabolite 
phytoporphyrin detected in blood sera in grazers [259]) 
probably represent metabolites of the ingested natural Chls. 
The accumulation of these photosensitizing pigments in 
tissues may result in photosensitization and allergy to 
sunlight reported both in animals (albino rats [260], cattle, 
sheep and alpaca with clinical photosensitive facial eczema 
[259]) and in humans [146,258]. In humans, swelling 
followed by erythematopurpuric lesions appear on sun-
exposed skin areas containing excess amount of 
photosensitizing Chl derivatives [258]. Similarly, diet-
induced phototoxicity, protoporphyria and other porphyrin-
related toxicities and disorders may develop in animals (e.g., 
mice [180]) or in humans with low or no ABC-transporter 
(BCRP) activity, as these transporters are involved in 
handling and regulating both exogenous and endogenous 
porphyrins within the organism [180]. Similarly, the 
accumulation of ’free’ or not properly bound Chl precursors 
(e.g., Pchlide [74,101–103,190]) and Chl derivatives has 
photosensitizing effect in plant tissues. Therefore, the level 
of these pigments and their organization in vivo is strictly 
regulated in plants [20,50,74,84]. Taken together, special 
care has to be taken during animal feed production. While 
purified Chls of spinach and protein extract from ryegrass 
had no photosensitization effect on albino rats, protein 
extract from alfalfa contained high levels of pheophorbide 
[260], and the level of photodynamic natural Chl breakdown 
products was correlated with the chlorophyllase activity of 
the processed plants [141]. 
Some data (see above and in Section 5.3.1) clearly 
indicate an increased absorption of pheophorbides when 
compared to other Chl derivatives by the human body [177]. 
Therefore, more information is needed about the 
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bioaccessibility and bioavailability, and the alterations of the 
amounts of different Chl derivatives in food products and 
during their industrial conservation processes. For example, 
freezing, canning and cooking increase Chl bioavailability 
(with highest increase observed in cooked frozen pea) when 
compared with fresh peas [261], making the pigment’s 
quantity in the processed food exceed 100% of the value 
measured before processing [262]. Special attention has to 
be paid to highly absorbed pigments with strong 
photodynamic effects. For example one cannot rule out that 
the contradictory results about Na-Cu-chlorophyllin – being 
a potent inhibitor of skin cancer in one experiment [203] but 
promoting tumor formation in the skin (while inhibiting 
tumorigenesis in other organs) in another experiment [263] – 
may not be independent from the accumulation of possible 
photosensitizing agents in the skin in the second experiment. 
However, the problematic nomenclature and composition of 
Chl derivatives, as well as the different experimental setups 
(chlorophyllin received by gavage and skin cancer induced 
by topically applied carcinogenic chemicals [203] versus 
orally administered chlorophyllin in drinking water and 
cancer induction by applying other carcinogenic agents by 
gavage [263]), and/or the well-known chemoprotective 
properties (see Section 5.3.4) of Chl derivatives may be also 
responsible for the observed differences. 
 
5.3.4. Chemoprevention, Antimutagenicity, 
Anticlastogenicity, Antigenotoxicity and Anticancer 
Therapeutical Activity 
 
Several in vitro and in vivo data indicate that natural 
Chls (both Chl a and b) and their most important dietary 
derivatives (e.g., various chlorins, pheophytins, 
pyropheophytins, Zn-pheophytins, Zn-pyropheophytins, Cu-
chlorophyllins, Cu-pheophytin a) [178,226], but also Na-Cu-
chlorophyllins (used in most studies) can have 
antimutagenic, mutagen trapping, antigenotoxic, 
anticlastogenic and anticarcinogenic effects and can 
modulate xenobiotic metabolism both in simple model 
organisms (e.g., Salmonella), in animals (e.g., Drosophila, 
rainbow trouts, mice and rats) and in humans 
[125,170,171,178,203,219,263–270]. For instance, Chl and 
Na-Cu-chlorophyllin can also prevent liver cancer in adults 
exposed to the carcinogen aflatoxin [198,269,271]. 
Therefore, Chl derivatives (especially chlorophyllin) are 
available as dietary supplements with 
anticarcinogenic/chemopreventive effect. 
The suggested biological activities attributed to Chl 
derivatives consistent with cancer chemoprevention include 
modulation of xenobiotic metabolism, interaction with 
multiple molecules and pathways involved in the metabolism 
of carcinogens and mutagens and in signal transduction of 
cancer initiation and progression (cell proliferation, invasion, 
angiogenesis). Closed tetrapyrroles are most importantly 
involved in mutagen trapping in the gastrointestinal tract 
[264,272] or in the target organ and/or target cells [168,205], 
but they can also induce apoptosis of cancer cells and have 
antioxidant activity (see Section 5.3.2). However, critical 
overview of the huge available literature data about the 
anticarcinogenic effects of Chl derivatives (especially 
chlorophyllins) is provided elsewhere [125,168–
170,266,270] and is to some extent hindered by the 
compositional and nomenclature problems of studies using 
commercially available Cu-chlorophyllins and 
chlorophyllins. 
Both Chl and chlorophyllins (as well as Chlide a and 
b and pheophorbide a and b [273]) have been shown to 
inhibit the mutagenic and carcinogenic activities of several 
mutagens including polycyclic aromatic hydrocarbons, 
heterocyclic amins, and the mycotoxin, aflatoxin in several 
models both in vitro [204,216,273–280] and in vivo 
[203,212,263,272,275,277,281–284] (reviewed in 
[125,170,211,266,270,274]). Their antimutagenic activity is 
primarily based on preferential binding to these or other 
mutagens in the digestive tract, influencing their 
pharmacokinetics and decreasing their bioavailability, thus, 
reducing the possibility of DNA-adduct formation 
[203,212,264,267–269,272,273,277,279,283,285–288]. This 
chemoprotective effect of both chlorophyllin, Chl and 
spinach was efficient in a transplacental carcinogenesis 
model where the formation of lymphoma and lung tumor 
was significantly reduced in the offsprings of mutagen-fed 
mice [286]. 
However, some authors have shown that the tumor 
preventive effects of Chls and their derivatives may be (also) 
explained by their absorption and their observed post-
absorptive chemopreventive effects on enzymes and other 
processes [125,197,203,216,286]. Irrespectively from the site 
of the interaction (i.e., in the gut or in the target organ or 
cell), Chl and its derivatives are interceptor molecules that 
inhibit mutagenicity of several compounds by molecular 
complex formation with the mutagen [266] thus reducing its 
bioactivity, bioavailabillity and/or enhancing its excretion. 
In addition to this complex formation (realized 
probably via strong π-π-interactions between the planar 
unsaturated porphyrin ring and the aromatic ring/s/ of the 
mutagens) [178], Chl derivatives also inhibit [289] and/or 
downregulate [290] cytochrome P450 enzyme and other 
hepatic drug-metabolizing enzyme systems involved in the 
bioactivation of carcinogens in the liver. Alternatively, they 
may be involved in enhancing the degradation of activated 
species of the mutagen, or in the detoxification mechanisms 
of the cells (e.g., pheophorbides enhance the aflatoxin 
detoxifying gluthatione S-transferase enzymes in Hepa-1 
murine hepatoma cells in vitro [273]), or in cellular 
protection against oxidative stress or other processes induced 
by the mutagen. 
Both Chls (Chl a and b) and Cu-chlorophyllin 
[178,269,278,291] as well as the 15 most important dietary 
Chls and their derivatives [226] inhibited mutations in the 
Ames Salmonella system caused by 3-methylcholanthrene 
[178,278] or benzo[a]pyrene [226,278], or had similar 
protective effect against methyl methanesulphonate (MMS) 
induced genotoxicity in V79 mammalian cell line [291], or 
inhibited aflatoxin uptake by human volunteers [269]. These 
data indicate that the porphyrin ring rather than the central 
ion or the ester side chain or other peripheral groups are 
responsible for this effect, although other inhibitory 
mechanisms (e.g., inactivation of the enzymatic 
transformation of the mutagen) cannot be excluded, and in 
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case of different models and/or mutagens different specific 
mechanisms of action may need to be taken into account 
[178,219], and thus different Chl derivatives may be more 
efficient. 
For instance, pheophorbide seemed to be more 
effective than esterified pheophytin and pyropheophytin 
during chemoprevention of N’-nitro-N’-nitrosoguanidine 
mutagenicity in vitro [178]. Similarly, several authors 
reported increased chemoprevention and anticancer activity 
for chlorophyllin when compared with Chl a and b or 
pheophytins (e.g., in reducing aflatoxin genotoxicity and 
liver tumor induction in vivo [266] or during other 
mutagenicity studies in vitro [292,293]). Maybe this is the 
reason why most works used this commercially easily 
available and – maybe even more importantly – water-
soluble material for testing the chemopreventive and/or 
anticancer activity of Chl derivatives. However, it has to be 
noted, that in some experimental models (e.g., acrylamide 
toxicity in rats [294], acetaldehyde-induced genotoxicity in 
mouse bone marrow cells in vivo [295], aflatoxin β1 toxicity 
treated post-initiation [296]) chlorophyllin showed no 
chemopreventive action at all. In other works analyzing the 
prevention of heme-induced cytotoxic and hyperproliferative 
effects in the rat colon in vivo, natural Chls (and green 
vegetables) have been shown to be an effective antitumor 
agent [297,298], while water-soluble chlorophyllin and Cu-
chlorophyllin had no such effect [297]. Thus, evidently, the 
effect of the different purified Chl derivatives has to be 
carefully evaluated on a case by case basis. This is even 
more important as some studies show that depending on the 
experimental conditions (test species, initiating mutagen 
agent, exposure protocol, concentration of the mutagen, the 
chemopreventive agent, and especially Cu [213]) Chl 
derivatives may act as tumor promoter (carcinogen, 
clastogen) [210–218] or anticarcinogen [213,215,216]. 
The potential anticlastogenic activity of Cu-
chlorophyllins has been demonstrated and is proposed to be 
based on its protective role against chromosomal damage 
induced by gamma rays [299] and against genotoxic effects 
induced by clastogenic chemicals (e.g., ethyl methane 
sulfonate - [300], reviewed in [125]). However, its 
antioxidant activity [223,224,232] as well as its positive 
effect on hematopoietic stem cells, granulopoesis, and on the 
prosurvival pathways in bone marrow cells and lymphocytes 
may also importantly contribute to its prophylactic action 
against radiation-induced mortality in mice [199]. 
In addition to their chemo- and, thus, tumor-
preventive effect and use in PDT, Chl derivatives have been 
recently shown to have direct cancer therapeutic effects in 
vitro. Thus, chlorophyllin (and Chls and other Chl 
derivatives) have the potential to be effective in the clinical 
setting in the treatment of cancer. Chl derivatives 
(pheophorbide a [207] and chlorophyllin [301–304]) cause 
growth arrest [304], have antiproliferative effect [301], 
induce cell differentiation and/or trigger apoptosis (via 
mitochondrial or other pathways) [207,301–303,305] and/or 
via interaction with putative ’death receptor’ located to the 
plasma membrane of cancer cells [303]. Chlorophyllin has 
been also shown to efficiently inhibit cytogenotoxicity of 
mycotoxins or other mutagens by its protective effect against 
oxidative stress and/or by its activity to regulate gene 
expression and/or signaling involved in stress and/or 
tumorigenesis [305,306]. For instance chlorophyllin was 
shown to inhibit the progression of papillomagenesis in a 
two-stage mouse skin carcinogenesis model in vivo [275]. 
Pheophorbide a [222], pheophytin a and b [307] were shown 
to have anti-tumor-promoting activity in experimentally 
induced skin cancer model in mice, anti-inflammatory 
activity in mouse ear models [222,307] and also had 
antioxidant activity in HL-60 human promyelocytic 
leukemia cells [222]. Studies have shown that the cellular 
uptake and cell multiplicity inhibition of pheophorbide a is 
higher than that of pheophytin a, however, when calculated 
on the amount of cell-associated Chl derivative, pheophytin 
a had stronger cytotoxic and cytostatic effect than 
pheophorbide a on P3X63Ag8 mouse myeloma cells [178]. 
This work clearly demonstrates that absorption, 
bioavailability, metabolization and cytotoxicity of single Chl 
derivatives has to be carefully understood when optimizing 
their doses for eventual clinical trials. 
 
5.3.5. Other Medicinal Applications 
 
Data related to further miscellaneous medicinal 
effects of Chl derivatives are summarized in Table 3. In 
addition to PDT-induced virus inactivation (Table 2), some 
Chl derivatives (such as pheophytins) have been shown to 
have antiviral effect in recent bioactivity-guided screening 
studies. At subtoxic concentrations 3 special pheophytin 
derivatives inhibited the absorption and penetration of herpes 
simplex virus to host cells in vitro [308]. Pheophytin a 
inhibited hepatitis C virus activity by inhibition of viral 
proteins and RNA expression without observable cytotoxic 
activity in vitro [309]. Pheophorbide was identified as the 
major antitumor component of Scutellaria barbata inducing 
apoptosis in viral-induced human hepatocellular carcinoma 
cell line Hep3B while being non-toxic to normal human liver 
cells (WRL-68) [207]. 
In contrast to natural Chl derivatives, chlorophyllins 
(especially commercial-grade Na-Cu-chlorophyllins) have 
been relatively safely and widely used in human (alternative) 
medicine for many years and were extensively studied (see 
Tables 2 and 3) [168]. For instance, water soluble Chl 
derivatives can be also used topically in the treatment of 
slow-healing wounds as was demonstrated in several 
experimentally induced lesions in animals [316,317]. The 
same wound healing properties of Chl derivatives were also 
reported from several early human case reports using either 
chlorophyllin solutions (with different Na-chlorophyllins, 
Na-Fe-chlorophyllin, Na-Cu-chlorophyllin, the Mg-
containing form being the less irritating to the mucosal 
membranes in otorhinolaryngology) or ointments and 
suppositories containing chlorophyllin, Chl a or Chl b 
[209,315,318,320,322]. There are reports about the 
application of Chl and derivatives in various suppurative and 
acute diseases, oral sepsis and/or infections, chronic ulcer 
and other ulcers [209,318–320,322], and post-operative 
wounds from rectal surgery [315]. However, it has to be 
noted that other reports found no positive wound healing 
property of chlorophyllin in the treatment of human burns, 
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surgical infections and ulcers [333]. Some of these early 
investigations reported fibroblast stimulating [209,321] and 
mild bacteriostatic activities of soluble chlorophyllins at 
least against some bacteria [209,315,321], while others 
observed no antibacterial activity during bacteriological 
studies [208]. Obviously, these compounds were more 
effective in wound healing or in the treatment of suppurative 
diseases when combined with antibacterial and/or other 
agents (e.g., penicillin and/or papain/urea) 
[315,316,319,334]. 
 
 
 
 
Table 3. Reports on the miscellaneous direct therapeutic effects of chlorophyll (Chl) derivatives. For antioxidant, 
photosensitizing, chemopreventive, antimutagenic, anticlastogenic, antigenotoxic and anticancer activities see the 
Sections 5.3.2, 5.3.3 and 5.3.4. 
Used pigment Treatment Reference 
Chl a, Chl b treatment of chronic ulcers and impetigo contagiosa, chronic lesions of the 
rectum, cervicitis associated with leucorrhea in humans 
[209] 
Chlorophyllin 
‘mixture’and its 
isolated components: 
Na2-Cu-isochlorin e4, 
oxidized Na2-Cu-
isochlorin e4 
inhibition of hyaluronidase activity in vitro [310] 
Chlorophyllin decreased body, fecal and urinary odor, eased constipation and flatus in 
geriatric, ileostomy and colostomy patients 
[208,311] 
 treatment of trimethylaminuria in humans [312] 
 decreased deposition of calcium oxalate crystals in rat kidney induced by 
hydroxy-L-proline, ethylene glycol or Na-oxalate treatment in vivo 
[313,314] 
 mild bacteriostatic effect on some bacteria [209,315] 
 accelerated healing of experimentally induced clean or infected wounds or 
lesions (infected with Staphylococcus pyogenes or Streptococcus 
hemolyticus), and in different burns in guinea pigs, rats, rabbits and dogs in 
vivo 
[316,317] and 
references therein 
 healing of suppurative diseases, various post-operative surgical infections, 
diverse lesions, open wounds, empyema, streptococcic septicemia, bacterial 
endocarditis, osteomyelitis, ulcers in humans 
[209,318–320] 
 treatment of rhinitis, rhinosinusitis, chronic otitis in humans [209] 
 treatment of oral infections, gingival inflammation, Vincent’s stomatitis, 
pyorrhea in humans 
[209,321,322] 
 treatment of acute and chronic rectal infections and wound healing in 
proctology in humans 
[315] 
 treatment of mild-moderate photodamage and solar lentigines in a human 
pilot study 
[323] 
 treatment of mild-moderate facial acne and large visible pores in a human 
pilot study 
[324] 
 treatment of facial redness, rosacea in human case studies [325] 
 immunostimulatory effect, inhibition of homeostasis driven proliferation in 
CD4+ T cells in vitro, and in lymphopenic mice in vivo 
[326] 
 immunomodulatory and immunosuppressive effect on lipopolysaccharide-
stimulated murine splenic mononuclear cells in vitro 
[327] 
 anti-inflammatory effect in lipopolysaccharide-stimulated RAW 264.7 
murine macrophage cell line in vitro 
[328] 
Pheophorbide a, 
Cu-pheophorbide a 
anti-inflammatory activity in ICR mouse ear model in vivo [222] 
Pheophorbide a immunostimulatory effect and enhancement of phagocytic activity in RAW 
264.7 murine macrophage cell line in vitro 
[183] 
 anti-inflammatory activity in lipopolysaccharide-stimulated RAW 264.7 
murine macrophage cells in vitro 
[236] 
Pheophorbide a and its 
methyl ester 
inhibition of acyl-CoA:cholesterol acyltransferase in vitro [329,330] 
Pheophytin derivatives inhibition of absorption and penetration of herpes simplex virus (HSV-1 
strain F) in Vero cell line (African green monkey kidney cell line) in vitro 
[308] 
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Pheophytin a inhibition of edema formation and inflammation induced by 12-O-
tetradecanoylphorbol-13-acetate in BALB/c mouse ear in vivo 
[234,307] 
 anti-inflammatory effect in vitro (inhibition of the functional activation of 
human polymorphonuclear neutrophils) 
[331] 
 synergistic enhancement of neurodifferentiation by nerve growth factor in 
PC12 rat phaeochromocytoma cells in vitro 
[332] 
 inhibition of hepatitis C virus (HCV) proteins (NS3 protease) and RNA 
expression in replicon cells and cell culture infectious system in vitro 
[309] 
 anti-inflammatory activity in LPS-stimulated RAW 264.7 murine 
macrophage cells in vitro 
[236] 
Pheophytin b inhibition of edema formation and inflammation induced by 12-O-
tetradecanoylphorbol-13-acetate in BALB/c mouse ear in vivo 
[307] 
 anti-inflammatory effect in vitro (inhibition of the functional activation of 
human polymorphonuclear neutrophils) 
[331] 
 
A recent study has shown that chlorophyllin (and its 
components) are potent inhibitors of hyaluronidase in vitro, 
thus, being able to maintain hyaluronic acid homeostasis 
(increase its level in the dermal extracellular matrix) and to 
serve as anti-aging agents in cosmeceuticals [310]. This 
study outlined an important difference among fresh and old 
commercial chlorophyllin preparations: i.e., the biologically 
less active oxidized Cu-isochlorin e4 was present in 
increased concentration in old lotions [310]. Topically 
applied gel with a liposomal dispersion of Na-Cu-
chlorophyllin was clinically effective and well tolerated 
against facial acne and large visible pores in a human pilot 
study [324], in the treatment of facial redness and rosacea in 
case studies [325], and mild-moderate photodamage and 
solar lentigines in a human pilot study [323]. 
In addition, chlorophyllins were primarily used to 
successfully control body, fecal and urinary odor in geriatric 
patients as internal deodorant (e.g., as the over-the-counter 
drug Derifil) [208] but may be also used by ostomy patients 
or patients with fecal incontinence, or to decrease the foul 
odor associated with suppurative diseases [209,321]. They 
also aided in easing chronic constipation and excessive flatus 
[208]. 
Cu-chlorophyllin (commercialized under Saclophyl 
brand) effectively decreased the urinary levels of free 
trimethylamine by forming non-absorbable complex with 
this compound accumulating in people having 
trimethylaminuria [312]. This metabolic disorder is 
characterized by inability to oxidize and convert dietary-
derived, strong smelling trimethylamine to trimethylamine 
N-oxide. Thus, treatment with chlorophyllin can improve the 
quality of life of patients having this metabolic disorder. 
Chlorophyllin was successfully applied in the 
treatment of gingival inflammation [322]. Chlorophyllin 
[326–328] and pheophorbide a [183] have been shown to 
have immunostimulatory and immunomodulatory effects 
[183,326], they inhibited lymphopenia driven proliferation 
[326] and enhanced the phagocytic activity of RAW 264.7 
murine macrophage cells [183], respectively. In addition, 
pheophorbide a, pheophytin a [236] and chlorophyllin 
[327,328] exerted their anti-inflammatory effect in 
lipopolysaccharide-induced RAW 264.7 murine macrophage 
cells by (1) their antioxidant activity resulting in alleviation 
of nitrosative stress [236], (2) by suppression of interleukin-
1β expression [328], and (3) by attenuated interferon-γ 
expression in lipopolysaccharide-stimulated murine splenic 
mononuclear cells via suppression of interleukin-12 
production [327]. The anti-inflammatory effect of 
pheophorbide a and Cu-pheophorbide a observed in ICR 
mouse ear models was associated with suppression of 
leukocyte activation [222]. Pheophytin a and b also 
efficiently decreased edema formation and inflammatory 
reaction induced by 12-O-tetradecanoylphorbol-13-acetate in 
BALB/c mouse ear skin [234,307] and suppressed 
superoxide anion formation in mouse macrophages induced 
by the same compound [234]. The same pigments efficiently 
suppressed the activation of human polymorphonuclear 
neutrophils associated with inflammatory reactions [331]. 
These data indicate the potential future therapeutic 
application of Chl derivatives in the prevention of 
autoimmune disorders. However, further careful 
experimental examination and a better understanding of the 
signaling pathways blocked and/or enhanced by Chl 
derivatives are needed. 
In the presence of nerve growth factor, pheophytin a 
synergistically enhanced neurodifferentiation in PC12 rat 
pheochromocytoma cells in vitro, and may be thus useful to 
develop new therapeutic agents against neurodegeneration 
disorders [332]. 
Antithrombic (heparin-like) activity has been also 
associated to chlorophyllin preparations in an early work 
[335]. Some data reported that chlorophyllin inhibited 
chemically induced kidney stone formation in rats [313,314]. 
During bioactivity-guided assays with different plant 
extracts, pheophorbide a and its methyl ester were identified 
as successful natural inhibitors of acyl-CoA:cholesterol 
acyltransferase (also termed sterol O-acyltransferase) 
involved in the regulation of cholesterol metabolism and, 
thus, in different pathologies associated with abnormalities 
in lipid metabolism in humans [329,330]. 
Taken together, all these data clearly demonstrate, 
that further bioactivity-guided assays may provide data for 
potential new medicinal applications of Chl derivatives. 
 
5.4. Other Industrial Applications of Chlorophylls 
The application of different Chl derivatives for 
artificial photosynthesis and biophotovoltaics in natural dye-
sensitized solar cells (e.g., TiO2 solar cells [336]) is beyond 
the scope of this review, but is mentioned as possible 
industrial application reviewed elsewhere [337–339]. Chl 
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derivatives may be also considered as environment-friendly 
solutions to dye wool, acetate fibers and cotton [339,340]. 
The use of Chl derivatives in bone cement and 
cosmeceuticals (i.e., often in toothpastes) has been already 
mentioned (21 CFR 73.3110) [120] in Section 5.2. 
 
6. CONCLUSIONS AND FUTURE PERSPECTIVES 
 
Clearly, there is still an expensively growing demand 
on natural colorings, especially on those with green/blue 
hues like the tetrapyrrole derivatives including phycobilins 
and phycobiliproteins [19] as well as Chls and their 
derivatives discussed in this review. However, the problems 
surrounding the nomenclature, the composition and the 
legislation of E140ii as food colorant [159] may lead to its 
ban in the European Union (similarly to the United States) 
and necessitate the revision and re-evaluation of its content 
and toxicologic effects. As E140ii and E141ii were almost 
the only widely available water-soluble bluish-greenish food 
colorants, probably the use of E141ii food colorant and the 
different phycobilins (phycobiliproteins or spirulina extracts) 
[19] as coloring food will become even more important in 
the upcoming years. 
In addition to freshly harvested plants, Chls may 
alternatively be obtained from other ‘green’ industrial 
byproducts of plant origin or from green (micro)algae. 
However, optimization of extraction, bioavailability, 
purification, standardization, stability (for instance in the 
presence of preservatives), rheological properties of these 
pigments are needed when used alone or in combination with 
other pigments in different food products and/or dietary 
supplements or medicines. 
The potential health effects also have to be very 
strictly, consistently and carefully evaluated in long-term 
experiments as often the in vivo relevance of the different in 
vitro data and treatments cannot be really assessed. Problems 
surrounding the absorption and metabolism of Chl 
derivatives also need further research. For instance, quite 
different Chl degradation products are formed during 
senescence, post-harvest and food processing procedures as 
well as during digestion [173], and our understanding of 
these processes and of the absorption and potential health 
effects of the different compounds is still rather scarce. 
Therefore, animal single-dose treatments, and intraperitoneal 
administration of the pigments may show some in vitro 
effects, however, more complex and more ‘natural’ in vivo 
(and human) studies need to be carried out to fully 
understand the potential toxicity and/or beneficiary effects of 
tetrapyrroles and the mechanisms underlying these effects. 
Research into the impact of digestive factors on Chl structure 
and bioaccessibility, absorption and antioxidant properties is 
ongoing as these may prove beneficial in the treatment and 
prevention of cancer [168]. In particular, the possible 
appearance of free phytol as the product of digestion need to 
be examined, because phytol is readily absorbed in the 
bloodstream in its free form [173], and – when administered 
in large quantities – it may cause Chl intolerance in patients 
suffering from Refsum disease [176]. However, the exact 
biological effect(s) of phytol and its metabolites (e.g., 
phytenic acid and phytanic acid) should be also elucidated in 
lipid metabolism and in the modulation of other metabolic 
processes (including cell signaling and gene regulation). 
In addition, several new and synthetic Chl derivatives 
(e.g., low-cost chlorophyllin f [188] and chlorophyllin e4 
[186]) can be tested for their effectiveness in PDT 
[186,188,248,341,342] or in the treatment of various 
diseases. However, the experimental settings (e.g., used light 
sources during PDT) may of course need optimization [240]. 
Synthetic derivatization may importantly increase (or 
decrease) the phototoxicity of the pigments and may also 
modify their intracellular localization, and thus, their main 
target sites [248,249]. Tetrapyrrole derivatives may be 
suitable to form bioconjugates with antibody fragments 
[248] or with anticancer drugs such as doxorubicin and 
paclitaxel [238] for targeted and/or improved PDT and, thus, 
represent a huge potential in the battle against cancer. The 
production of the smart biomedicine, pheophorbide a-
conjugated heparin/gold nanoparticle photosensitizer enabled 
gluthation-mediated switchable photoactivity, and the 
conjugates also had better cellular uptake, prolonged 
circulation and better antitumor effect in mice models in vivo 
than pheophorbide a alone [343]. Co-administration of 
chlorophyllin with antitumor agents (like cyclophosphamide) 
may diminish the intensity of the discomforting side effects 
of the chemotherapy and also decreases the mutagenicity of 
the compound [344]. Similarly, combined use of PDT and 
sonodynamic therapy can increase the tumor inhibitory effect 
and induce tumor necrosis much deeper than either of the 
single modalities, showing that different combined 
treatments may be useful to treat non-superficial or nodular 
tumors in the future [341]. These data outline the huge 
potential of different Chl derivatives in improved PDT 
therapy. 
In addition, bioactivity-guided screening may help us 
to successfully discover new potential applications of Chl 
and its derivatives (e.g., antiviral [308,309] and/or antitumor 
activities [207]). The chemopreventive and anticancer 
potential of chlorophyllin is supported by many data, 
however, further expensive investigations (about 
bioavailability of the different Chl derivatives, distribution, 
pharmacokinetics, molecular interference, and thus, dosage) 
need to be carried out before any clinical application 
[170,212,284]. It should be also elucidated whether the 
suggested post-absorptive effects of commercially available 
Cu-chlorophyllins with highly variable chemical 
composition can be attributed to some distinct chlorin-
derivatives or to a synergism among chlorins, and the 
potential negative effects of non-Chl derivatives (including 
free Cu) present in such products also need to be ruled out 
[125]. 
It is noteworthy to mention that 99mTc-pheophorbide a 
complex was successfully applied to distinguish infection 
from inflammation by nuclear imaging in bacterially infected 
and sterile inflamed rat model [345] proving the potential of 
this compound as radiopharmaceutical agent. 
There are several patents related to Chl derivatives. 
For instance, the chemopreventive action of Chl derivatives 
(e.g., chlorophyllin) and especially their ability to form 
complexes with mutagens (including polycyclic aromatic 
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hydrocarbons and compounds present in cigarette smoke) 
may be used in cigarette filters containing such pigments 
[346]. 
Clearly, tetrapyrroles are crucial molecules for 
photosynthesis, and thus life on earth. Additionally, they can 
be also considered as products with high added value in the 
food industry and potentially also in medicine. 
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ABBREVIATIONS 
ALA = 5-aminolevulinic acid 
Chl = chlorophyll 
Chlide = chlorophyllide 
DV = divinyl 
DPOR = light-independent Pchlide oxidoreductase 
LPOR = light-dependent protochlorophyllide oxidoreductase 
MV = monovinyl 
PDT = photodynamic therapy 
PROTO IX = protoporphyrin IX 
Pchl = protochlorophyll 
Pchlide = protochlorophyllide 
ROS = reactive oxygen species 
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